A. Introduction
Equine influenza is one of the most important respiratory diseases of horses caused by equine influenza A virus (EIV) because of its high contagiousness. EIV is a member of the family Orthmyxoviridae of the genus influenza virus A and species influenza A virus (1) . Particles of influenza A viruses consist of a lipid bilayer envelope in which the glycoproteins of hemagglutinin (HA) and neuraminidase (NA), and matrix 2 are embedded (1). HA is a major surface antigen of the influenza A virus, and is responsible for binding virions to the terminal sialic acid (SA) of the host cell surface receptor and for the fusion between the envelope and the host cell membrane. Sixteen subtypes of HA (H1-H16) have been identified in nature, and they differ in terms of serology (2) . NA is the other major surface antigen of the virion. NA cleaves terminal SA from glycoproteins or glycolipids. Therefore, it frees virus particles from host cell receptors thus permitting progeny virions to escape from the cell in which they originated, and so facilitate virus spread. To date, nine NA subtypes (N1-N9), which differ in terms of serology, have been recognized in nature (1) influenza A viruses, including EIV, probably originate from a virus found in wild aquatic birds (1) . Thus far, the two EIV subtypes, H7N7 and H3N8, have been found in horses. These two subtypes cause similar respiratory diseases in horses. As H7N7 has not been isolated from horses for more than three decades, it is widely accepted that it may have disappeared from horses (3). On the other hand, H3N8 is still currently circulating in horses worldwide (4) . Phylogenetic studies imply that the EIV of H3N8 was introduced into horses before 1963 and has remained in horses since then (1) . Until recently, it was believed that horses were a dead-end host (1, 4) .
Dogs were not regarded as natural hosts for influenza A virus although some reports suggest sporadic transmission to dogs (5, 6) . Nevertheless, in Florida in the United States (US) in 2004, there was an outbreak of respiratory disorders among greyhounds (7) . Eight out of 22 dogs died acutely with hemorrhagic pneumonia. Influenza A virus was isolated from the diseased dogs. A subsequent analysis of the isolate revealed that its genetic feature was very similar to that of the contemporary EIV subtype H3N8 (Fig.1) . This indicates the interspecies transmission of EIV from horses to dogs (7) (8) (9) . After the outbreak in 2004, canine H3N8 influenza virus (CIV) spread rapidly in dogs and probably became enzootic, at least in the US (5) . Subsequently, the interspecies transmission of EIV to dogs was reported in the United Kingdom (UK) in The HAs of influenza A viruses differ in their ability to bind SA-galactose (Gal) linkages (α2-3 orα2-6) or SA species such as N-acetylneuraminic acid (NeuAc) or N-glycolylneuraminic acid (NeuGc) depending on the hosts (12, 13) . Therefore, the HA of influenza A virus is a critical factor as regards the host species specificity of influenza A virus (12, 13) . For example, it is generally accepted that human influenza A viruses bind to NeuAcα2-6Gal and avian influenza A viruses bind to NeuAcα2-3Gal, whereas swine influenza A viruses bind to both NeuAcα2-6Gal, and NeuAcα2-3Gal (12, 13) . Thus, an alteration in the binding specificities of the HAs of EIV may influence the occurrence of the interspecies transmission from horses to dogs. This minireview discusses the difference between the receptor binding characteristics of EIV and CIV, and its significance in the field.
B. Distribution of SA in Horses and Dogs
When beginning a discussion about the biological significance of the binding specificities of EIV and CIV to SA, it is necessary to clarify the characteristics of the diseases in each natural host. The pathogenesis of EIV is very similar to that of CIV and they have been well reviewed by Wilson (14) and Dubovi et al (5) , respectively. Natural infections of EIV and CIV occur via the inhalation of aerosolized virus particles, in the same way as human seasonal influenza (e.g. H3N2). The virus particles bind to the surfaces of the epithelial cells of the upper and lower respiratory tracts as a result of the interaction between viral HA and the terminal SA of the cell surface receptor. Then the viruses undergo endocytosis and fuse with phagosome membrane, finally releasing progeny virions into the airway by budding from the plasma membrane. These processes cause the inflammation and destruction of the ciliated respiratory epithelium. In turn, opportunistic bacteria can easily invade the denuded respiratory epithelium, occasionally leading to secondary bacterial pneumonia. Thus, the distribution of SA on the surfaces of the epithelial cells of the respiratory tracts of horses and dogs are important.
There have been some reports about the distribution of SA in the respiratory tracts of horses and dogs that have employed lectin staining and immunostaining. Suzuki et al. (15) conducted a histological observation of the distributions of SAα2-6Gal and SAα2-3Gal on the surface of the epithelium cells of horse trachea, using SA-Gal linkagespecific lectins [Sambucus nigra (SNA) lectin for SAα2-6Gal and Maakia amurensis (MAA) for SAα2-3Gal]. As a result, it was demonstrated that horses possess a large amount of SAα2-3Gal on the surface of the epithelium cells of the respiratory tract, whilst SAα2-6Gal was not observed. They also used liquid chromatography to show that more than (16) showed that SAα2-3Gal is comprehensively expressed on the surface of equine epithelial cells not only in the trachea, but also in the nasal mucosa and bronchus by lectin staining. Similarly, it was observed that SAα2-3Gal is mainly expressed on the surface of the canine epithelial cells in the nasal mucosa, trachea, bronchus and bronchiole (Fig.  2) . Interestingly, SAα2-6Gal was observed in cilia and goblet cells in the respiratory epithelium of horses and dogs. Since the goblet cells trap inhaled viruses by mucus secretion and the cilia can transport the mucus against gravity by ciliary motility, SAα2-6Gal observed in cilia and goblet cells may eliminate viruses that can bind to SAα2-6Gal. However, it is still not known whether the SAα2-3Gal observed in the canine respiratory epithelium is NeuGcα2-3Gal or NeuAcα2-3Gal because MAA lectin staining cannot distinguish between them.
C. Binding Specificities of EIV and CIV
As mentioned above, the surface of the canine respiratory epithelium possesses SAα2-3Gal, and so it was speculated that CIV binds preferentially to SAα2-3Gal rather than to SAα2-6Gal. To confirm this, the binding abilities Neu5Acα2-6(LacNAc) 3 -γ-polyGlu] was determined with a solid-phase binding assay as described below. This assay has been conducted by a number of researchers to determine the binding specificities of avian and human influenza A viruses to the different SA-Gal linkages (α2-3 or α2-6) or carbohydrate moieties (18) (19) (20) . Briefly, each synthetic sialyl glycopolymer was serially diluted ten times from 100 nM to 0.1 nM. The diluted sialyl glycopolymer was placed in a well consisting of polystyrene Universal-BIND microplates (Corning, Tokyo, Japan) and incubated. The glycopolymers were finally immobilized on the surface by ultraviolet irradiation (254 nm). Each well was then blocked with 2 % bovine serum albumin, and the plates were incubated in solutions containing viruses [32 hemagglutination unit (HAU)/50 μl] overnight at 4 °C. The plates were washed to remove unbound viruses, and then incubated in a substrate solution containing 40 µM 2'-(4-methylumbelliferyl)-α-D-N-acetylneuraminic acid at 37 °C for 60 min to detect any virus NA activity associated with bound viruses. The reactions were terminated by the addition of an alkaline solution (pH 10.2). Fluorescence was measured at 355 nm (excitation) and 460 nm (emission). The direct virus binding activity was determined from the quantity of 4-methylumbelliferon released by viral NAs. The data were divided according to the NA activity of each virus (32 HA units/50 µl) to normalize the differences between the NA activities of the viruses. As a result, both viruses bound preferentially to NeuAcα2-3Gal rather than NeuAcα2-6Gal (Fig. 3) . It has been reported that the ability of EIV to bind with NeuGcα2-3Gal is critical for viral replication in horses (15) . Thus, it was of interest to determine whether or not the CIV currently circulating among dogs in the US still maintains its ability to bind with NeuGcα2-3Gal. The binding ability of CO06 to NeuGcα2-3Gal was compared with that of IBK07 using a similar method to that described above with synthetic sialyl glycolipids instead of sialyl glycopolymers (21) . As a result, CO06 reduces the binding ability to NeuGcα2-3Gal compared with IBK07. Collectively, it is suggested that the CIV reduces the binding ability to NeuGcα2-3Gal compared with EIV although both EIV and CIV bind preferentially to NeuAcα2-3Gal rather than NeuAcα2-6Gal.
D. Infectivity and Pathogenicity of EIV and CIV in Horses
Thus far, the interspecies transmission route from horses to dogs in the US, the UK and Australia has remained unclear. Anecdotal evidence points to both the usual (aerosol) route, and the consumption of the respiratory tissue of an infected horse. Therefore, we tested whether or not the interspecies transmission of EIV to dogs could occur as a result of close contact with EIV-infected horses (22) . Three pairs consisting of an EIV-infected horse (IBK07, 10 8.3 egg infectious dose 50/head) and a healthy dog were kept together in individual stalls for 15 days. In consequence, all three dogs exhibited seroconversion in a hemagglutinin inhibition test. Moreover, live virus was easily isolated from nasal swabs taken from two of the three experimental dogs. Therefore, it is concluded that close contact between EIV infected horses and dogs can feasibly lead to the interspecies transmission of EIV.
At the same time, an intriguing question is whether or not the CIV circulating among dogs in the US maintains its infectivity and pathogenicity in horses. To address this question, we inoculated three healthy horses with CO06 (10 8.3 egg infectious dose 50/head) (21) . In consequence, although all three horses inoculated with CO06 seroconverted, they showed significantly milder clinical symptoms (nasal discharge, cough) than horses inoculated with the same amount of IBK07. Moreover, two of them showed no virus shedding from their nostrils, whilst all the horses inoculated with IBK07 showed virus shedding for five or six consecutive days after inoculation. This suggests that the CIV currently circulating in the US has less pathogenicity and replication ability in horses than EIV.
E. General Discussion
As EIV binds to both NeuGcα2-3Gal and NeuAcα2-3Gal, it is feasible that dogs that have SAα2-3Gal on the surface of their respiratory epithelium cells can be infected with EIV without any change in the receptor binding characteristics. Indeed, in our aforementioned study (22) , there was no amino acid substitution in HA between the isolates from dogs housed with experimentally EIV infected horses and the parent EIV (IBK07).
Rivailler et al. (23) found by molecular epidemiological surveillance. This finding correlates with the experimental data showing that CIV had less pathogenicity and replication ability in horses than EIV (21) . However, the three horses inoculated with CIV exhibited mild clinical signs and one of them shed live virus from its nostrils during the experimental period (21) . Thus, further studies will be required to confirm whether or not CIVinfected dogs are significant as an infectious source of H3N8 influenza A virus for horses. It has been shown that five amino acid substitutions (N54K, N83S, W222L, I328T, and N483T) in HA distinguish the CIVs isolated in the US from the contemporary EIVs (7, 8) .
In light of the binding specificities to the SA moieties, since position 222 of the HA is located near the receptor binding site (7, 8, 23) , W222L substitution may cause the reduced binding of CO06 to NeuGcα2-3Gal. Interestingly, W222L substitution was also found in the interspecies transmission of avian influenza A virus (H3N2) to dogs in South Korea in 2007 as well as the interspecies transmission of EIV (H3N8) to swine in China in 2005-2006 (24, 25) . Thus, this substitution may play an important role in adapting influenza A viruses to different hosts. However, the way in which the reduction in the binding ability of CIV to NeuGcα2-3Gal contributes to the adaptation to dogs is unclear, because it is still unknown whether the SAα2-3Gal observed in the canine respiratory epithelium is NeuGcα2-3Gal or NeuAcα2-3Gal. Further studies are needed of the receptor profile of the canine respiratory epithelium before we can reach a definitive conclusion about the adaptation mechanism.
In western countries in particular, the companionship of horses, dogs and human beings is highly valued. Since the outbreak of canine respiratory disease caused by the H3N8 in the US in 2004, three cases of dogs infected with influenza A viruses have been confirmed in rapid succession (H5N1 in 2004 in Thailand, H3N2 in 2007 in South Korea, pandemic H1N1 in 2009 in China and the US) (9, (25) (26) (27) . Pandemic H1N1 infections in pet dogs in China and the US raise particular concern that dogs could be a source of pandemic H1N1 for human beings. Therefore, more attention should be paid to dogs as a possible source of influenza A viruses in different animals including human beings.
Acknowledgments
This study was funded by the Japan Racing Association. The author thanks Dr. M. Muranaka, for providing the pictures in Figure 2 . The author also thanks Dr. M. Ogata, Dr. T. Murata, and Dr. T. Usui, of Shizuoka University for providing the sialylglycopolymers. His research focuses mainly on the study of equine influenza and its pathogen, equine influenza A virus.
